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standards. All past experiments comparing calorimeters and ionization 
chambers in proton beams have concentrated on deriving values of 
the mean energy required to produce and ion pair in dry air, (wair)p. 
While calorimetry is in principle simple, its low sensitivity to 
radiotherapy level doses forms a technical challenge. Apart from that, 
in water calorimetry the main influence factors to be controlled or 
corrected for are the chemical heat defect and heat transfer by 
conduction and convection while in graphite calorimeters controlling 
the rapid heat conduction, inhomogeneity corrections and the dose 
conversion from graphite to water are the main concerns. None of 
these are as well understood and characterized for proton beams as 
for photon beams but a state-of-art overview will be presented. In 
particular for scanned proton beams, these issues have raised new 
challenges that have only recently caught attention and are the 
subject of current research efforts. Also other detectors such as 
alanine and ionization chambers play a role in absolute dosimetry as 
transfer instruments between different reference conditions. For 
these detectors the energy dependence needs to be properly 
understood. 
Results: Limited experimental and theoretical evidence revealed that 
the chemical heat defect in water behaves qualitatively similar in 
proton beams as in photon beams but for some aqueous systems, 
including pure water, it is quantitatively different for high-LET 
protons. In graphite there are some indications that a small heat 
defect may be due to energy storage in lattice defects. Corrections 
for the complex heat transfer patterns in scanned beams have been 
shown to be acceptably small in water calorimeters if the time for 
scanning the irradiation volume is limited to 3-4 minutes. However, 
longer irradiation times may occur for large irradiation volumes and 
corrections and associated uncertainties may become substantial. For 
graphite calorimeters a project has started recently to couple 4D 
Monte Carlo calculated dose distributions with finite element heat 
conduction simulations. Preliminary experiments in static and scanned 
proton pencil beams reveal complex heat flows within the calorimeter 
components and response issues when the pencil beam hits the 
sensing or power dissipating thermistors. While this could be 
overcome by operating graphite calorimeters in iso-thermal mode, the 
scanning speed of most beam delivery systems may require larger 
sampling frequencies than currently employed in the read-out and 
thermal control systems. Concerning alanine as transfer instrument, 
several experimental data have been collected recently improving our 
knowledge of its energy dependence. For ion chambers it has been 
shown that the energy dependence of the water to air stopping power 
ratio and the (wair)p value can be mostly neglected for reference 
dosimetry but not necessarily in the Bragg peak. 
Conclusions: Experimental and theoretical insight relevant to 
absolute proton dosimetry has improved considerably over the past 15 
years but, in particular for scanned proton beams, substantial 
research efforts are still required to get our understanding and the 
dosimetric uncertainty at the same level as for photon beams. 
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The reference absorbed dose to water Dw(zref) in proton and heavier 
charged particle beams is currently determined mostly using the IAEA 
TRS-398 Code of Practice (2000). On-going developments on (a) 
calorimetry, (b) ion chamber perturbation correction factors, pch,Q, 
and (c) mean excitation energies  for electronic stopping powers (I-
value), may affect substantially the reference dosimetry of clinical 
proton beams. Item (a) is discussed by Palmans in the previous paper 
whereas (b) and (c) form the basis of the present contribution. Other 
issues of interest, mostly related to influence quantities like the 
recombination correction in scanned beams, are excluded. 
Calorimetry-based primary standards will in a near future empower 
the use of proton reference qualities and kQ,Qo beam quality factors, 
however current clinical dosimetry is based on the use of 60Co and kQ 
data, where chamber-quality factors Fch,Q=sw-air,Q pch,Q play a key role. 
For Farmer-type chambers, calculations (Palmans, Proc. IAEA 
Dosimetry Symp. 2010, 309) have confirmed that pch,Q≈1 for protons, 
in agreement with current data. This is not the case for recent 60Co 
Monte Carlo (MC) calculations resulting in a dramatic change of pch,Co60 
which, if directly applied at the clinic, would decrease Dw(zref) by up 
to 1.5% for all types of charged particles (including electrons).  
It has been overlooked so far that the ratio of ionization chamber 
calibration coefficients ND,w/NK yields the value of Fch,Co60 through the 
ND,air coefficient, as ND,w/ND,air=(sw-air pch)Co60. Fch,Co60 is henceforth 
referred to as experimental, noting that ND,air includes 60Co k and (1-g) 
corrections from IAEA protocols. Based on current BIPM standards (Kair 
update of 2007), calibration coefficients from the IAEA for a large 
sample of NE-2571 chambers yield agreement within 0.1% between 
the TRS-398 and experimental Fch,Co60, superseding the approximate 1% 
difference between Dw(ND,w) and Dw(NK-ND,air) given in the protocol, 
specifically 0.7% for the NE-2571 chamber. Compared with the 
experimental value of Fch,Co60, the MC data difference of about 1.5% is 
not justified for the use of current BIPM Kair and Dw standards if 
consistency throughout the entire dosimetry chain is sought. 
A diversity of I-values for water, Iw, has triggered investigations on 
their effect in stopping powers for dosimetry, mostly for carbon ions. 
Statistical analysis on existing DRF-based and experimental data 
(Burns and Andreo 2012, ICRU work in progress) yields Iw=78 eV 
(formerly 75 eV), in good agreement with ICRU (2009) interim 
recommendation based on carbon ion measurements . This 4% change 
in Iw would result in a sw-air decrease of about 0.4% and 0.6% for 
protons (and heavier charged particles) and 60Co respectively, of 
minor effect on current kQ values. 
Analyzing the influence of an estimate by Burns (Metrologia 2012, 507) 
for the I-value of graphite, IC=81 eV (formerly 78 eV) is less 
straightforward but it might have important implications. New 
graphite stopping powers would enter into pch,Q calculations yielding 
changes only of the order of a few tenths of a per cent. Of larger 
significance, however, is that a new IC  could affect the BIPM Kair 
standard for 60Co; in this case NK  and ND,air would decrease. This would 
be the worst possible scenario for TRS-398, as it would require an 
increase in Fch,Co60 of the order of 0.7% to agree with the experimental 
value. On the other hand, this would be the most favourable situation 
for MC-based Fch,Q calculations, which using  the new stopping powers 
would agree at a level better than 0.1% with the  60Co experimental 
value. In addition, recalling that  Wair,protons  is determined via the NK-
ND,air formalism in combination with calorimetry (see eq) 
 
  
its value would be affected by the decrease of ND,air (60Co) and sw-air,Q 
(protons), yielding an overall increase in Wair,Q of the order of 1%. This 
change might need a revision of previously derived Wair,Q for protons, 
as they would strictly depend on the Kair standard (NK-ND,air) used for 
their derivation. 
The final combination of the changes mentioned in this possible 
scenario would result in a narrow decrease of the calculated kQ (NE-
2571) for protons of about 0.2%, showing the need for maintaining 
consistency in an analysis that unavoidably must include the complete 
dosimetry chain.  
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Relative dosimetry plays an important role during beam-line 
commissioning, in the collection of data for treatment-planning 
systems (clinical commissioning), for quality assurance and for 
research/development purposes. This presentation reviews the 
dosimetry devices that have been successfully employed in proton 
therapy, such as, ionization chambers (IC), films, scintillating screens, 
semiconductors and their field of application. 
We can recognize two main tasks: 1) relative dosimetry orthogonal to 
the beam direction and 2) relative dosimetry along beam direction.  
Relative dosimetry orthogonal to the beam is used to characterize an 
irradiation broad beam (field) or a pencil beam in case of scanning. 
For the former we are interested to measure the lateral field 
geometry, the position of the field edges, the lateral homogeneity of 
dose distribution and the lateral penumbra. In addition, in case of 
scanning, we are interested in the lateral beam width of individual 
pencil beams. Ionization chambers with very small active volumes 
such as, point-like chambers, are suited for measuring lateral profiles 
including penumbra. Silicon diodes and diamond detectors can also be 
used to measure lateral profiles but,unlike IC, their response is LET, 
dose rate and energy dependent. Scintillating screens and 
radiochromic films can measure 2D dose distribution at high resolution 
but they also suffer from LET and energy dependent responses. 
